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@ Antibody coated crystal chemical sensor. 

@ A sensor for detecting the presence of a particu- 
lar chemical by determining the absolute frequency 
shift in the oscillating frequency of an antibody- 
coated oscillator. Specific antibodies deposited on a 
high Q crystal oscillator detect the change in fre- 
quency as chemical particulates become trapped by 
the antibodies and change the effective mass of the 
crystal. In one embodiment, two oscillating crystals 
are used, one that has been coated with the anti- 
bodies, and one that is uncoated. This permits de- 
tection of frequency differences between the oscillat- 
ing frequencies of the two crystals, thus eliminating 
pressure, temperature, and humidity corrections that 



conventionally must be made. The sensor maintains 
a high specificity by using antibodies that are spe- 
cifically related to the chemical to be detected, while 
achieving relatively good sensitivity by using high Q 
oscillators, such as quart or sapphire, and eliminat- 
ing drift problems due to temperature, pressure, and 
humidity. In a second embodiment, a single crystal 
is used having antibodies coated at specific nodal 
locations associated with harmonics of the funda- 
mental frequency of oscillation of the crystal. Har- 
monic amplitudes are measured to determine the 
presence of the chemical of interest. 
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BACKGROUND 

The present invention relates generally to 
chemical sensors, and more particularly, to a 
chemical sensor that employs antibody coated os- 5 
cillators. 

There exists a need for chemical sniffers that 
have high selectivity, low false signal rate, and high 
sensitivity, on the order of one part in 10^ - 10^. 
Sensitive chemical detectors are desired for drug io 
and contraband detection, and explosives detec- 
tion, including plastic explosives and dynamite. Ad- 
ditionally, chemical sensors may be used in the 
environmental cleanup and hazardous material 
field. Chemical detectors exist that are highly spe- is 
cific. including devices such as spectrum analyz- 
ers, for example, but such devices have relatively 
low sensitivity levels. Chemical detectors also exist 
that are very sensitive, but these are not specific 
enough to one chemical (low selectivity), thus in- 20 
creasing false signal rates. 

Dr. George Guilbault, at the University of New 
Orleans, has experimented with coating quartz cry- 
stal oscillators with antibodies. His research Is dis- 
cussed in a paper entitled "Immobilization Methods 25 
For Piezoelectric Biosensors," published in 
Bio/Technology, Vol. 7, April 1989. pages 349- 
351. However, these oscillators must be corrected 
for temperature, pressure, and humidity. The ex- 
periments must be done in a laboratory because of 30 
sensitive corrections that are required. These cor- 
rections result in a decreased sensitivity In such 
devices. 

Accordingly, it would be an advantage In the 
chemical detection art to have a detector that Is 35 
both selective and highly sensitive and that may be 
employed outside controlled laboratory conditions. 



SUMMARY OF THE INVENTION 

The present invention employs specific anti- 
bodies deposited on a high Q crystal oscillator to 
detect the change in frequency when particulates 
that the antibodies are specific to become trapped 
by the antibodies. The trapped particulates change 
the effective mass of the crystal and hence change 
the oscillating frequency thereof. In particular, two 
crystals are used, one that has been coated with 
the antibodies, and one that is uncoated. This per- 
mits detection of the absolute frequency difference 
between the oscillating frequencies of the coated 
oscillator, befor and after exposure to the chemi- 

C£ll. 

Specific antibodies deposited on th crystal 
oscillator detect the change in frequency as chemi- 
cal particulates become trapped by the antibodies 
and change th effective mass of the crystal. Two 
oscillating crystals are used, one that has been 



coated with the antibodies, and one that is un- 
coated. This permits detection of frequency differ- 
ences between the oscillating frequencies of the 
two crystals, thus eliminating pressure, tempera- 
ture, and humidity corrections that conventionally 
must be made. 

An alternative embodiment of the present in- 
vention employs a mass loading technique that 
only allows the chemical particulates to adsorb 
onto the crystal in specific nodal locations of a 
harmonic of the primary frequency. The ratio of the 
amplitudes of the harmonics are then measured. 
This technique may be used with the two crystal 
approach, or because of the stability of this ratio 
under changing temperature, pressure, and humid- 
ity conditions, may be used without the uncoated 
reference crystal. However, more complex scan- 
ning electronic circuitry is required to locate the 
peaks (shifting In frequency). 

The chemical sensor of the present invention 
maintains a high specificity by using antibodies 
which are specifically related to a particular chemi- 
cal, such as TNT, DNT, cocaine or marijuana, for 
example. The sensor achieves relatively good sen- 
sitivity by using two high Q oscillators and also 
eliminates drift problems due to temperature, pres- 
sure and humidity that typically occur with conven- 
tional sensors. Additionally, the present chemical 
sensor is rugged and is able to fit in a small 
package, whereas many conventional sensors will 
not. 

A variety of crystal oscillators, including quartz 
and sapphire may be used. Furthermore, the cry- 
stals may be cooled to liquid helium temperature, 
which substantially increases the Q of quartz by a 
factor of over ten. Also, the use of an out-of-phase 
scheme for each crystal oscillator and integrating 
from minimum to maximum permits the possibility 
of reaching the photon noise limit 

BRIEF DESCRIPTION OF THE DRAWINGS 

The various features and advantages of the 
present invention may be more readily understood 
45 with reference to the following detailed description 
taken in conjunction with the accompanying draw- 
ings, wherein like reference numerals designate 
like structural elements, and in which: 

FIGS, la and lb illustrate an antibody coated 
50 dual crystal chemical sensor in accordance with 
the principles of the present invention; 
FIG. 2 shows curves illustrating an out-of-phase 
detection scheme that may be employed with 
the sensor of RG. 1; 
55 RG. 3 shows a second embodiment of a sensor 
in accordance with the principles of th present 
invention; and 

FIGS. 4a and 4b show a chemical detection 
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scheme using the sensor of FiG. 3. 
DETAILED DESCRIPTION 

Biologically produced molecules that bind with 
specific molecules, including DNT. TNT. marijuana 
and cocaine, for example, are called antibodies. 
There are two types of antibodies: monoclonal and 
polyclonal. Monoclonal antibodies only interact with 
specific molecules and may be used to obtain high 
specificity. Polyclonal antibodies bind to several 
related molecules, including DNT and TNT, for 
example. Antibodies currently exist for DNT, TNT, 
marijuana, cocaine, and other chemicals of interest. 
A surface covered with antibodies may typically 
bind with up to 10^^ molecules/cm^. 

With reference to FIGS. 1a and 1b, an antibody 
coated dual crystal chemical sensor 10 in accor- 
dance with the principles of the present invention is 
shown. The sensor 10 comprises a coated piezo- 
electric crystal oscillator circuit 11, one example of 
which is the circuit shown in FIG. lb. The coated 
piezoelectric crystal oscillator circuit 11 may be 
comprised of a coated piezoelectric crystal 21 
made of a material such as quartz, or sapphire, for 
example, having its outer surface coated with either 
polyclonal or monoclonal antibodies 22.. Typical 
polyclonal or monoclonal antibodies 22 may be 
employed to bind molecules of chenriicals compris- 
ing DNT and TNT, for example. Antibodies for 
TNT, DNT, morphine and other chemicals are 
available from IRT Corporation in San Diego. 

A second substantially identical crystal oscilla- 
tor circuit 12 comprising an uncoated crystal 23 is 
disposed adjacent to the first oscillator circuit 11. 
Outputs of the two circuits 11, 12 are coupled to a 
frequency mixer 13, for example, that is adapted to 
mix the output signals fronri the two oscillator cir- 
cuits 11,12 to produce a detectable beat frequency 
signal. Cooling of the crystals 21.23 may be pro- 
vided by cooling apparatus 14, such as a cryogenic 
refrigerator, for example. The beat frequency signal 
output from the mixer 13 is coupled to a detection 
circuit 15 that is adapted to process the beat 
frequency signals to produce a signal indicative of 
the detection of a chemical of interest 

With reference to FIG. 1, the two crystal os- 
cillators 21,22 are part of the respective crystal 
controlled oscillator circuits 11, 12 that are adapted 
to control the oscillating frequencies thereof such 
that they oscillate at substantially the same fre- 
quency. The electronics associated with the crystal 
controlled oscillator circuits 11,12 are generally well 
known, and each may comprise the oscillator cir- 
cuit 11 shown in FIG. lb, tor example. The oscilla- 
tor circuit 11 shown in FIG. lb includes the coated 
crystal 21, a transistor 24 having its drain and base 
coupled across the crystal 21 and wherein th base 



is coupled by way of a resistor 25 and capacitor 26 
in series to the positive temninal of a voltage 
sourc 27. The sourc of the transistor 24 is coup- 
led by way of a resistor 28 and capacitor 29 in 
s parallel to the positive terminal of the power source 
27. Rnally, the negative terminal of the power 
source 27 is coupled through a capacitor 30 and 
inductor 31 in parallel to the drain of the transistor 
24. 

70 With reference to FIG. 2. the second uncoated 

crystal oscillator 23 acts as a control for the coated 
crystal oscillator 21, in that it provides reference 
data for frequency computations made on the coat- 
ed crystal oscillator 21. The two crystal oscillator 

75 circuits 11,12 are also coupled to the detection 
circuit 15 that is adapted to detect the oscillating 
frequencies of each of the crystal oscillators 21 ,23 
and produce a signal indicative of the frequency 
difference between the frequency of oscillation of 

20 the first crystal oscillator 21 before and after expo- 
sure to a chemical of interest that the antibodies 22 
are adapted to adsorb. 

In operation, the crystal oscillator 21 is ex- 
posed to air or water contaminated with a chemical 

25 that- is to be -detected. The mass increase of 
chemical particulates bound by the antibodies 22 
on the coated crystal oscillator 21 is detected 
through a frequency shift of the output signals from 
the coated oscillator 21. The frequency shift is 

30 given by the equation Af/f='1/2Am/m, where f is 
the frequency of oscillation of the coated oscillator 
21, Af is the change in frequency after exposure to 
the chemical of interest, m is the mass of the 
coated oscillator 21 and Am is the change in mass 

35 of the coated oscillator 21 resulting from adsorption 
of the chemical by the antibodies 22 on the surface 
thereof. 

Quartz crystal oscillator normal mode frequ n- 
cies, for example, range from 10* to about 5 x 10^ 

40 Hz. A 0.1 mm thick disc of quartz has a fo ==2 x 10^ 
Hz, and has higher order harmonics of up to 2 x 
10^ Hz. The Q of a quartz crystal is quite high and 
may be greater than or equal to 10^. 

The mass of the maximum amount of the 

45 chemical adsorbed by the first crystal oscillator 21 
is given by the equation Am = n x M x mH. where 
n is the added molecule density (10^^ 
molecules/cm^), M is the molecular weight of the 
absorbed molecule, and is the mass of a hy- 

50 drogen atom. For a material such as TNT, for 
example, where M « 220; Am e 
molecules/cm2) x (220 molecule"^) x <1.7 x It)-^* 
grams) = 3.7 x 10"^ gm/cm^. A quartz -crystal disc 
having a 0.1 mm thickness has mass m s 0.01 cm 

55 X 2.2 grams/cm^ = 0.022 gm/cm^. Therefore, the 
frequency shift for the coated crystal oscillator 21 
made of quartz and having an operating fr quency 
off = 20 MHz is At = (-1/2 Am/m)f=(-1/2)(3.7 x 
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10-3 gm/cm2/2.2 x 10-2 gm/cm2)/(2 x 10^ Hz = 
1.7 Hz. 

This magnitude of sensitivity is somewhat dif- 
ficult to measure due to temperature, pressure and 
humidity changes that affect the absolute vibra- 
tional frequency of the crystal oscillators 21,23. In 
accordance with the principles of the present in- 
vention, by employing two crystal oscillators 21,23, 
and having the first crystal oscillator 21 coated with 
antibodies 22 and the second crystal oscillator 23 
as a reference, Af may be measured by detecting 
the beat frequency between the two crystal oscilla- 
tors 21 .23. The sensor may be electronically nulled 
to ignore the mass of the antibody alone, without 
any adsorbed chemical particulates. There is an 
uncertainty (5) in the beat frequency, and for f = 2 
X 10^ and Q s 1,3 x 10'', is given by: 6(Af)= 1.5 
Hz. 

However, this uncertainty may be substantially 
reduced by increasing the Q of the coated crystal 
oscillator 21 , thus making the measurement easier. 
The Q of the coated crystal oscillator 21 may be 
increased by the following techniques. The coated 
crystal oscillator 21 may ^e cooled tp liquid helium 
temperature, as illustrated'in FtG. la by the cooling 
apparatus 14, such as a cryogenic refrigerator, for 
example. Cooling of the crystal oscillators 21,23 
increases which substantially increases the Q of 
quartz by a factor of over ten. A crystal oscillator 
that has a substantially higher Q, such as sapphire, 
may be employed. Also, an out-of-phase detection 
scheme may be employed for each of the crystal 
oscillators 21,23 which comprises integrating the 
output frequency signals from each of the crystal 
oscillators 21,22 during the measurement period 
from minimum to maximum, which increases the 
probability of reaching the photon noise limit. 

The details of the out-of-phase scheme are as 
follows, and shall be described with reference to 
FIG. 2. It is possible to increase the detection 
capability of 5f = (fi-f2) of the detection circuit 15 
beyond its Q determined bandwidth. The two cry- 
stal controlled oscillators 21,23 have similar (almost 
identical) Q are operated in opposite phase as 
illustrated in FIG. 2. The Fourier components in the 
first half of the resonance curve will produce a net 
charge (N) in the detection circuit 15. The charge 
(N) is proportional to the recording time. There is, 
however, a statistical noise equal to N^'^ associated 
with the random distribution of the number of elec- 
trons, commonly referred to as shot noise. There- 
fore, the accuracy of determining th best fre- 
quency is proportional to the square root of time. 

Specifically the number of charges Ni and N2 
produced by the oscillators 21, 23 in a frequency 
interval df is given by: 



Ni(f)df = Sldf ^±^N(f)dt 

(f-fl)^+(Af)^ 

N2(f)df = ±VN2{f)df 

(f.f2)V(Af)^ 



where Af is the line width of the oscillation t is the 
measurement time. /NHt is Poisson noise on the 
70 signal N(f)df, and B is a constant. The difference is 
given by D(f)df = (Ni-N2)df. If df < 6f « Af, where 
df f2-fi . to get D(f)df > /2(Ni(f)df, and 
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It is therefore possible to detect partial covering of 
the antibody surface with the chemical of interest. 
20 The number of molecules n collected per unit 

area by the antibody covered surface is n = ng v$t 
where ng is the number density of the molecules in 
air, V is the thermal velocity, ^ is the sticking 
coefficient and t is the time. Numerically, for TNT 
25 and DNT, their molecular weights are about 200 
and V = 2 X 10* cm/sec at room temperature. 
Therefore, to collect 10^^ molecules per square 
centimeter, the time required is t s 50/f seconds, 
and where f is one of the quantities to be deter- 
30 mined. 

The dual crystal chemical sensor 10 employing 
an antibody-coated crystal oscillator 21 in accor- 
dance with the present invention is a very sensitive 
device. It is sensitive enough to detect the pres- 
35 ence of the cited chemicals when the surface of 
the coated crystal oscillator 21 is only partial cov- 
ered with the respective chemical. Furthenmore, for 
some antibodies the reaction is reversible, thus 
allowing repeated use of the same coated crystal 
40 oscillator 21 for sensing different chemicals. 

A second embodiment of the sensor 10' of the 
present invention is shown in FIG. 3 and employs 
the use of a mass loading of the chemical to be 
detected at specific locations 40,41 on the crystal 
45 oscillator 21 The crystal oscillator 21' is shown 
configured in the shape of a tuning fork. There is, 
however, no restriction to the use of tuning-fork 
shaped oscillator crystal shown in FIG.3, for clearly, 
other shaped crystals may be used. These loca- 
50 tions 40,41 are chosen to correspond to nodal 
locations for a particular higher frequency but a 
non-nodal location for the fundamental. By restrict- 
ing the chemical under detection to only these 
locations 40,41 by: (1) only coating the antibodies 
55 22 at these locations 40,41; (2) placing a baffle 43 
above the crystal oscillator 21 (shown in phantom 
to the right of the oscillator 21' in FIG.3 with 
windows 44,45 located above the locations 40. 41) 



BNSDOCID: <EP 0453224A3_I_> 




EPO 



which only allows exposure In the desired locations 
40. 41 or (3) both (1)and (2). 

The advantages gained by the sensor 10' of 
FIG. 3 is that the ratio of the N*^ harmonic to the 
fundamental (or a lower harmonic than the Nth) Is 
detected. This ratio is independent of temperature 
and pressure. Therefore it is only necessary to 
measure the change in amplitude ratio of the har- 
monics of the sensor 10' of FIG. 3. 

FIGS. 4a and 4b show detection spectra gen- 
erated, using the sensor 10V shown FIG. 3. FIG, 
4a shows the detected spectrum without the pres- 
ence of any chemical to be detected. FIG. 4b 
shows the same spectrum with the detectable 
chemical adsorbed on the surface of the coated 
crystal oscillator 21 of the sensor 10'. The mass 
loading reduces the lower harmonic frequency os- 
cillating amplitude. The resolution may be read out 
by detecting the ratio of the harmonics chosen, 
illustrated in FIG. 4b as the first and third harmonic. 

Because a ratio of the harmonic amplitudes are 
measured instead of absolute frequencies, a single 
coated crystal oscillator 21 may be employed with- 
out the reference crystal oscillator and still 
achieves the temperature, pressure, and humidity 
insensitivity. However using a reference crystal os- 
cillator with the coated crystal oscillator 21' allows 
for simpler detection electronics to be used. 

Thus there has been described new and im- 
proved chemical sensors that employ antibody 
coated oscillators. It is to be understood that the 
above-described embodiments are merely illustra- 
tive of some of the many specific embodiments 
which represent applications of the principles of the 
present invention. Clearly, numerous and other ar- 
rangements can be readily devised by those skilled 
in the art without departing from the scope of the 
invention. 

Claims 

1, A chemical sensor for detecting the presence 
of predetermined chemical particles in the vi- 
cinity thereof, said sensor comprising: 

an antibody-coated crystal oscillator; 

an uncoated reference crystal oscillator: 

and 

detecting means coupled to the oscillators 
for detecting the oscillating frequencies of the 
coated and uncoated oscillators and for deter- 
mining the absolute frequency difference, caus- 
ed by adsorption of chemical particles by the 
antibodies on the coated oscillator, which de- 
termination provides an indication of th pres- 
ence of predetermined chemical particles in 
the vicinity of the sensor. 

2. The chemical sensor of Claim 1 wherein the 
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detecting means is adapted to detect the beat 
frequency -between the antibody-t:oated and 
uncoated crystal oscillators. 

5 3- The chemical sensor of Claim 1 wherein the 
detecting means is adapted to detect the 
phase difference. 

4. The chemical sensor of Claim 1 wherein the 
10 coated and uncoated oscillators each comprise 

quartz crystal oscillators. 

5. The chemical sensor of Claim 1 wherein the 
coated and uncoated oscillators each comprise 

15 sapphire crystal oscillators. 

6. The chemical sensor of Claim 1 wherein the 
sensor further comprises means for cooling the 
coated and uncoated oscillators to a relatively 

20 low temperature. 

7. The chemical sensor of Claim 6 wherein the 
means for cooling the coated and uncoated 
oscillators comprises means for -cooling the 

25 coafgtf ahd uncoated oscillators to liquid he- 

liurft*t#Tnperatufe. \ ' . . ' . 

8- The chehnical sensor of Claim 1 wherein the 
coated crystal has antibodies located at spe- 
30 cific nodal locations corresponding to th 

• nddes of higher harmonic frequencies, and 
such that the predetermined chemical particles 
attach only near the specific nqdal locations. 

35 9. The chemical sensor of Claim 8 wherein the 
coated sensor has antibodies coated thereon 
only near the specific nodal locations. 

10. The chemical sensor of Claim 8 wherein th 
40 coated sensor has baffles disposed adjacent 

thereto that cause chemical particles adsorbed 
thereby to adsorb only near the specific nodal 
locations. 

45 11. A chemical sensor for detecting the presence 
of predetermined chemical particles in the vi- 
cinity thereof, said sensor comprising: 

a crystal oscillator having antibodies lo- 
cated at specific nodal locations corr-esponding 

50 to the nodes of higher harmonic frequencies, 

and such that the predetermined -chemical par- 
ticles attach only near the specific nodal loca- 
tions; and 

detecting means coupled to the oscillator 
55 for detecting the harmonic amptitud s of the 

oscillator caused by adsorption of chemical 
particles by the antibodies on the oscillator, 
which determination provides an indication of 

5 



EP 0 453 224 A2 



the presence of predetermined chemical par- 
ticles in the vicinity of the sensor. 

12. The chemical sensor of Claim 11 wherein the 
crystal oscillator has the shape of a tuning fork. 
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© A sensor for detecting the presence of a particu- 
lar chemical by determining the absolute frequency 
shift in the oscillating frequency of an antibody- 
coated oscillator. Specific antibodies deposited on a 
high Q crystal oscillator detect the change in fre- 
quency as chemical particulates become trapped by 
the antibodies and change the effective mass of the 
crystal. In one embodiment, two oscillating crystals 
are used, one that has been coated with the anti- 
bodies, and one that is uncoated. This permits de- 
tection of frequency differences between the oscillat- 
ing frequencies of the two crystals, thus eliminating 
pressure, temperatur , and humidity corrections that 
conventionally must be made. The sensor maintains 
a high specificity by using antibodies that are spe- 
cifically related to the chemical to be detected, whil 
achieving relatively good sensitivity by using high Q 
oscillators, such as quart or sapphire, and limlnat- 
ing drift problems due to temperature, pressure, and 



humidity. In a second embodiment a single crystal 
is used having antibodies coated at specific nodal 
locations associated with harmonics of the funda- 
mental frequency of oscillation of the jcrystal. Har- 
monic amplitudes are measured to determine the 
presence of the chemical of Interest. 
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